INTRODUCTION
Structural colors, originating from the physical interaction of light with intrinsic periodic nanostructures, have been widely observed and intensively investigated in a range of living microorganisms, flora, and fauna (1) (2) (3) (4) (5) (6) (7) . Inspired by these natural examples, many elaborately nanostructured photonic materials with brilliant structural colors have been developed by using various inorganic, polymeric, and other hybrid components (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . Such bioinspired structural color materials can strongly modulate electromagnetic waves and manipulate the propagation of photons with the energy in their photonic band gap (PBG) (8, 9) . In particular, if a structural color material is made from a hydrogel polymer, the swelling or shrinking after stimulation of the polymer leads to a change in the PBG and therefore the structural color (18) (19) (20) (21) . This feature enables structural color hydrogels to offer technological advances, such as in switch construction, optical displays, sensing materials, anticounterfeiting labels, intelligent skins, and wearable electronics (22) (23) (24) (25) (26) (27) (28) (29) (30) . However, unlike some natural creatures that can autonomously regulate their structural colors, current bioinspired, responsive, structural color materials all require external stimuli to display their functionality. This leads to complex systems and limits their further applications. Therefore, the development of bioinspired structural color materials that have an autonomic regulation capability will be of value in the construction of next-generation intelligent photonic devices.
Inspired by the structural color shift mechanism of chameleons (31) , which occurs through the control of dermal iridophores via active tuning of their guanine nanocrystal lattice PBGs (Fig. 1A) , we describe structural color materials that have an autonomic regulation capability. These were produced by assembling engineered cardiomyocyte tissues on synthetic inverse opal hydrogel films (Fig. 1B) . Taking advantage of the surface microgroove structure and high biocompatibility of the hydrogel, the assembled cardiomyocytes were able to recover their autonomic beating ability with guided cellular orientation and improved contraction performance on the elastic films. Because the cardiomyocytes' beating processes are accompanied by cell elongation and contraction, the substrate inverse opal hydrogel film on the substrate will undergo the same cycle of volume or morphology changes. This, in turn, appears as synchronous shifts in their PBGs and structural colors. On the basis of these biohybrid structural color hydrogels, a variety of living materials becomes possible, including two-dimensional (2D) selfregulating structural color patterns and 3D dynamic Morpho butterflies. These examples indicated that the stratagem could provide an intrinsic color-sensing feedback to modify the system behavior/action for future biohybrid robots. In addition, with the integration of biohybrid structural color hydrogels and microfluidics, we developed a heart-on-a-chip device featuring microphysiological visuals for biological research and drug screening. These examples demonstrate that biohybrid living structural color hydrogels are highly versatile devices capable of a wide variety of applications.
RESULTS
In a typical experiment, the inverse opal-structured color hydrogel films were fabricated by replicating silica colloidal crystal templates, as shown in Fig. 2A . First, these colloidal crystal templates were prepared by the self-assembly of silica nanoparticles (with sizes of 225, 250, 270, 295, and 300 nm) on the surface of glass slides or micropatterned silicon wafers, which became closely packed and formed an ordered colloidal crystal array structure during solvent evaporation (Fig. 2B ). This ordered packing of the silica nanoparticles endowed the colloidal crystal arrays with interconnected nanopores throughout the templates, which facilitated the methacrylated gelatin (GelMA) pregel solution infiltration. Next, after the pregel solution had penetrated the nanopores and filled all voids in the colloidal crystal templates by capillary action, it was polymerized to form hydrogel hybrid colloidal crystal templates by ultraviolet (UV) light (Fig. 2C) . Last, the freestanding inverse opal-structured hydrogel films with a thickness of about 150 mm were obtained by etching the silica nanoparticles of the hybrid templates (Fig. 2D and fig. S1A ).
Because of the orderly arrangement of the structure of the silica colloidal crystal templates, the resultant inverse opal-structured hydrogel films were imparted with unique PBG properties. In particular, certain light wavelengths located in the PBG were prevented from propagating through the inverse opal structures and were reflected by the hydrogel film. Therefore, the inverse opal-structured hydrogel film displayed vivid structural colors and had characteristic reflection peaks ( fig. S1B ). The main characteristic reflection peak position of the hydrogel film Fig. 1 . Schemes of the structural color materials with autonomic regulation capability. (A) Structural color regulation mechanism of chameleons, which is achieved by controlling the dermal iridophores to actively tune their guanine nanocrystal lattice PBGs. (B) Schematic diagram of the construction of the bioinspired self-regulated structural color hydrogels by assembling engineered cardiomyocyte tissues on synthetic inverse opal hydrogel films. can be estimated by mathematical manipulation of the Bragg-Snell equation, that is
where D is the distance to the diffracting plane, n average refers to the average refractive index of the inverse opal material, and q is the Bragg glancing angle of incidence of the light falling on the nanostructures. Equation 1 implies that there are several approaches to regulating the structural colors of inverse opal hydrogel films, such as changing the diffracting plane spacing D or the Bragg glancing angle q.
To mimic the structural color shift mechanism of chameleons and implement the concept of autonomic regulation of structural color materials, we used a bioactive GelMA as the pregel in the construction of the free-standing and flexible inverse opal-structured hydrogel films, which were used as substrates for neonatal rat ventricular cardiomyocytes ( Fig. 2E and fig. S2 ). Because the GelMA hydrogel had modified extracellular matrix components (32) (33) (34) , the resultant films were endowed with high biocompatibility and plasticity (figs. S3 and S4). This facilitated cardiomyocyte attachment and growth, promoted cellular alignment and elongation, and provided flexibility and the capacity for sustained cycles of expansion and contraction. The assembled cardiomyocytes recovered their stable autonomic beating after culturing for 2 days. The beating of the cardiomyocytes caused the inverse opal-structured GelMA hydrogel films to shrink or bend during systole (contraction) and return to their original shape due to the elasticity of the hydrogel films or the gravity of the hydrogel films during diastole (relaxation). These rhythmic volume or morphology changes in a hydrogel film corresponded to changes in its nanostructure, including the diffracting plane spacing and the Bragg glancing angle, both of which led to synchronous cycle shifts in the PBGs and structural colors. Therefore, this integration of engineered cardiomyocyte tissues and flexible inverse opal hydrogel films demonstrates the concept of biomimetic structural color materials with autonomic regulation capabilities. It points to potential creation of a variety of intelligent actuators and soft robotic devices.
Although the biohybrid structural color hydrogel films displayed autonomic iridescence, their colors shifted unevenly because of the irregular volume or morphology changes in the free-standing hydrogel films (first half of movie S1). To solve this problem, we used a mask mold with a fish-shaped pattern to immobilize the biohybrid freestanding hydrogel film in a fixed plane (Fig. 2F ). In this case, irregular morphology changes in the structural color hydrogel film during the myocardial cycles were prevented, and the film could maintain a constant Bragg glancing angle ( fig. S5A ). In this way, the self-regulation of the hydrogel structural colors will be caused mainly by swelling-or shrinking-induced changes in the diffracting plane spacing, which should lead to a more uniform behavior. The resulting improvements were recorded by a high-speed color camera and analyzed by spectral software. It was observed that the structural color of the fish pattern hydrogel involved a blue shift from red to green that was periodic and uniform, as induced by the contraction and relaxation of the cardiomyocytes on the surface of the hydrogel film (Fig. 2G ). During this process, the reflection peaks that read out a fixed vertical angle by using an optical microscope equipped with a fiber-optic spectrometer repeatedly shifted from 605 to 570 nm ( Fig. 2H and second half of movie S1). The frequency of the structural color reflection peak regulation cycles corresponded to the beating frequency of the cardiomyocytes (Fig. 2I ). For a flexible inverse opal material, there is a relationship between the subjected tension and the structural color changes (fig. S6) . Therefore, the mechanical behavior and the contraction force of the assembled cardiomyocytes on the surface of the hydrogel film could be estimated, based on the degree of shift in the structural colors. This lays the foundation for the construction of biosensors that can modulate the contractile properties and stiffness of cells at nanoscale levels.
To further exploit the function of the biohybrid structural color hydrogel films, we designed the assembled cardiomyocytes on the film surfaces to be organized anisotropically, which we expected to mimic the conditions in an actual heart and therefore perform better during myocardial cycles. To achieve this, we used silicon wafers with microgroove patterns for the self-assembly of silica colloidal crystal templates and hydrogel film replication, as in the scheme in Fig. 3A . The resultant GelMA hydrogel films had the same inverse opal nanostructure and complementary microgrooves (figs. S7 and S8). With these specific structures, the cultured cardiomyocytes tended to be aligned and elongated on the surface of the film. Inverse opal hydrogel films with three different filament spacings for the microgrooves were investigated, with concave side and convex side values of 20 and 30 mm, 40 and 30 mm, and 60 and 30 mm, respectively. The cardiomyocytes responded in each case by showing nonrandom sarcomere alignment, as confirmed in the three respective columns of images in Fig. 3 (B and C). The imaging was achieved by using phalloidin/4′,6-diamidino-2-phenylindole (DAPI) for F-actin and nuclei staining. The angles between the growth direction of the cardiomyocytes and the circumferential direction were measured and analyzed (Fig.  3D) . The results indicate that about 55% of the cardiomyocytes showed an orientation within 30°of parallel to the circumferential direction for the microgrooves with 60-mm filament spacing. This value increased with reduced filament spacing, being about 65 and 80% for filament spacings of 40 and 20 mm, respectively.
The spontaneous beating frequencies of cardiomyocytes seeded on the inverse opal hydrogel films with the different microgrooves were also recorded, as shown in Fig. 3E . Because of the biocompatibility of the GelMA hydrogel, the cardiomyocytes could quickly adhere, spread, and grow on the hydrogel surface. These cardiomyocytes on the microgroove GelMA hydrogel films displayed much stronger and more synchronous beating frequencies within 2 days, whereas they need 4 days to achieve synchronous contractions with unobvious strength on the simple GelMA hydrogel film. In addition, the beat frequencies of the cardiomyocytes on the microgroove hydrogel films declined by only about 30% over the culture period from day 4 to day 10, compared with a 40% decrease for the plane hydrogel films over the same culture period. Although the cellular orientation and the spontaneous beating frequency could be increased slightly by using a smaller filament spacing for the microgrooves, their fabrication is much more complex, and high-quality inverse opal scaffold replication is difficult. Therefore, inverse opalstructured microgroove hydrogel films with an optimized filament spacing (convex side, 30 mm; concave side, 40 mm) were used for the subsequent experiments. For such a microgroove hydrogel film, the cardiomyocytes formed anisotropic laminar tissues ( fig. S9 ) and regulated the structural colors of the film with a wide range of wavelengths (from 605 to 562 nm, detected from a fixed vertical angle to the film) and at a rapid response rate (movie S2 and fig. S10 ).
Biohybrid structural color hydrogels have many attributes that make them an excellent choice for applications in soft robotics. As a demonstration, an inverse opal-structured GelMA hydrogel film with a butterfly morphology and radial microgrooves was designed and constructed for cardiomyocyte assembly (Fig. 4, A and B) . The cardiomyocytes formed an anisotropic laminar organization in the direction of the microgrooves and provided corresponding anisotropic and synchronous contractions and relaxations to the substrate. As a result, the butterfly morphology free-standing hydrogel film appeared to swing its wings with high-energy efficiency in the medium, like a real butterfly flying in air (movie S3). During this process, the structural color of the butterfly morphology free-standing hydrogel film was also changed reversibly from a fixed observation position (Fig. 4C ). This can be ascribed mainly to the changes in the Bragg glancing angle, which is induced by the bending of the bionic butterfly wings (demonstrated in fig. S5B ). At the same time as the bending occurred, the structural color red-to-green transition occurred first at the wing's outer edge and spread gradually to the inside of the wings. To investigate the relationship between the shifted structural colors and the bending angles, we used different positions from the bionic butterfly center to record the variations in the structural colors and characteristic reflection peak positions, as shown in Fig. 4 (D and E) . For each position at different bending angles, the bionic butterfly therefore had a corresponding and specific structural color fingerprint, which could be valuable in the design of intelligent robotic actuators with self-reporting features. Many intelligent robotic actuators may be achieved if living structural color systems can integrate with optogenetic control strategies (35) , which may also enable real-time closed-loop modulation of cardiomyocyte contraction.
To implement this concept, we integrated biohybrid structural color hydrogels with parallel microgrooves into a microfluidic system to form a heart-ona-chip system (Fig. 5) . Organ-on-a-chip systems, including the heart-on-a-chip system, are elaborate microengineered physiological devices that contain continuously perfused microfluidic chambers inhabited by living cells arranged to reproduce key features of specific human tissues and organs (36) (37) (38) (39) (40) (41) . This technology may bring benefits to biomedical areas, such as developing human in vitro models for healthy or diseased organs, enabling the investigation of fundamental mechanisms in disease etiology and organogenesis, benefiting drug development in toxicity screening and target discovery, and potentially serving as a replacement for animal testing (35) (36) (37) (38) (42) (43) (44) (45) (46) (47) . In this heart-on-a-chip system, the microfluidics involved bifurcated injection channels, thereby providing a uniform culture medium or a drug solution to the engineered cardiac muscle tissue on the biohybrid structural color hydrogel (Fig. 5, A and  B) . With its flexible characteristics and parallel microgroove structure, the semifixed biohybrid structural color hydrogel could be bended along the direction of the anisotropic organization of the laminar cardiomyocytes (Fig. 5C) . This process was self-reported by the hydrogels via structural coloration and the reflection peak's blue shift, as caused by the decrease in the Bragg glancing angle (demonstrated in fig. S5B ). Because the specific structural color or reflection peak fingerprint at each different position corresponded to the contraction force of the anisotropic laminar cardiomyocytes (demonstrated in Fig. 4, D and E) , the integrated system could act as a functional platform for studying the cellular behavior of cardiomyocytes and their assembled tissues under different conditions.
To demonstrate the effectiveness of the heart-on-a-chip system, we pumped various concentrations of isoproterenol into the microfluidics and used to stimulate the cardiomyocytes. Under normal conditions, the structural colors at the annotated position of the biohybrid hydrogels changed from red to green (Fig. 5D and first half of movie S4), and their reflection peak was blue-shifted from 608 to 556 nm, whereas the colors were changed to blue and peak positions shifted to 475 nm when 1 mM isoproterenol was added (second half of movie S4). With higher concentrations of isoproterenol, the degree of structural color changes and shift values for the reflection peaks of the biohybrid structural color hydrogels could be increased further (Fig. 5, E and F) . The beat frequency of the cardiomyocytes was also regulated by the use of isoproterenol, showing a positive chronotropic response that matched the isoproterenol concentration (Fig. 5F ). These results are consistent with the actual efficacy of isoproterenol in vivo, which can increase heart contractility and pump frequency. Therefore, a biohybrid structural color hydrogel can be used in a heart-on-a-chip system that acts as a biomimetic microphysiological platform for visualizable biological research and drug screening.
DISCUSSION
We developed structural color hydrogels that have autonomic regulation capability by assembling engineered cardiomyocyte tissues on soft inverse opal GelMA hydrogel films. Because of the high biocompatibility and the surface microgroove structures of the hydrogel, the assembled cardiomyocyte tissues could quickly recover their autonomic beating ability, with guided cellular orientation and improved contraction performance. During the autonomic beating process, the cardiomyocytes undergo cell elongation and contraction, with the inverse opalstructured hydrogel substrate exhibiting the same cycles of volume or morphology changes. These appear as synchronous changes in their PBGs and structural colors. On the basis of these biohybrid structural color hydrogels, we constructed 2D self-regulating structural color patterns and 3D dynamic Morpho butterflies. These examples demonstrate that biohybrid living structural color hydrogels are highly versatile options for the design of intelligent actuators and soft robotic devices.
The integration of the biohybrid living structural color hydrogels and microfluidics introduces a heart-on-a-chip technology with distinctive features. In contrast to other hydrogels and elastomer films, the biohybrid living inverse opal-structured hydrogels have the ability to selfreport. Some cell behavior involving relatively weak cellular forces could easily be overlooked because these forces do not cause obvious morphological changes in the hydrogels or elastomer films. However, such weak cellular forces might be detectable as visible structural color changes or reflection spectra shifts on a biohybrid structural color hydrogel, because their inverse opal hydrogel scaffolds are more sensitive to cell behavior and can translate that behavior into visual signals. This not only makes possible testing different kinds of cardiomyocyte drugs, some of which could cause unobvious stimuli responses, but also provides a platform for studying the growth and differentiation of cells and revealing their biological essence, such as the evolution of induced pluripotent stem cells and other stem cells into cardiomyocytes. In addition, with further optimization of the biohybrid living structural color hydrogel, it may be possible to realize single cell-level detection via the heart-on-achip technology. We therefore conclude that biohybrid structural color hydrogels and their use in self-reporting heart-on-a-chip technology will play a profound role in the field of biomedical engineering.
MATERIALS AND METHODS

Materials
Five kinds of SiO 2 nanoparticles with sizes of 225, 250, 270, 295, and 300 nm were purchased from Nanjing Nanorainbow Biotechnology Co. Ltd. GelMA hydrogel was self-prepared. Gelatin (from porcine skin), methacrylic anhydride, pancreatin (form porcine pancreas), and trypsin were acquired from Sigma-Aldrich (St. Louis, MO). Dulbecco's modified Eagle's medium/nutrient mixture F-12 (DMEM/F-12), 1× Hanks' balanced salt solution (HBSS), and fetal bovine serum (FBS) were purchased from Life Technologies. Penicillin-streptomycin and isoproterenol were obtained from Gibco. 5-Bromo-2′-deoxyuridine (BrdU) was obtained from Sigma-Aldrich (St. Louis, MO). Cellulose dialysis membranes [molecular weight cutoff (MWCO), 8000 to 14,000] were acquired from Shanghai Yuanye Biotechnology Corporation (Shanghai, China). Collagenase type 2 was purchased from Worthington. Alexa Fluor 488 phalloidin and DAPI were obtained from Life Technologies. Water used in all experiments was purified using a Milli-Q Plus 185 water purification system (Millipore, Bedford, MA) with resistivity higher than 18 Mohm·cm.
Preparation of inverse opal GelMA hydrogel scaffold These inverse opal GelMA hydrogel scaffolds were fabricated using a sacrificial template method. For the preparation of inverse structural color films, these colloidal crystal templates were first prepared with the self-assembly of silica nanoparticles on glass slides. Briefly, the SiO 2 nanoparticle solution [ethyl alcohol, 5 weight % (wt %)] with a variety of particle sizes self-assembled on glass slides by a vertical deposition method at invariant temperature and humidity for 3 days. During this process, the nanoparticles in the solution had a 100% diffusion rate to keep the concentration uniform. However, the diffusion of these deposited nanoparticles was stopped when they were assembled into ordered structures above the meniscus solid-liquid-air interface. Because the fabrication of the colloidal crystal templates was very mature, we could get the templates with high repeatability (more than 95%). Then, the glass with the SiO 2 nanostructures was calcined at 400°C for 4 hours to improve their mechanical strength, and the silica colloidal crystal templates were thus obtained. The GelMA pregel solution with a concentration of 0.15 g/ml was infiltrated into the silica colloidal crystal templates by capillary force, and then the pregel solution was exposed into UV light and polymerized to form a hybrid hydrogel. The diffusion of the silica nanoparticles from the colloidal crystal templates was not obvious. This could be confirmed from the scanning electron microscopy (SEM) images (Fig. 2, B and C) , which showed same silica nanoparticles packing before and after the hydrogel infiltration. Last, the inverse opal GelMA hydrogel films were obtained by etching (2 wt % hydrofluoric acid) the silica nanoparticles of the hybrid hydrogel. For the preparation of patterned inverse structural color hydrogels, silicon wafers with microgroove patterns, such as varying channel sizes and spacings (30 × 20 mm, 30 × 40 mm, and 30 × 60 mm) or others patterns, were used for the self-assembly of silica colloidal crystal templates at the same condition. Then, the patterned inverse structural color hydrogel was obtained in the same way as the inverse structural color film preparation.
Isolation of neonatal cardiomyocytes
Cardiomyocytes were isolated from 1-to 2-day neonatal SpragueDawley rat pups, and these rat pups were supplied by the department of comparative medicine of Jinling Hospital (Nanjing, China). Briefly, the thorax of 1-to 2-day-old rat pups was opened, and the heart was surgically removed. Upon removing the atria, the hearts were cut into 0.5-to 1-mm 3 medium-sized pieces and placed in an HBSS (0.02% trypsin, 0.02% pancreatin, and 0.05% collagenase) for 12 min at 37°C with continuous gentle shaking three to five times. The solution composed mainly of cardiomyocytes and cardiac fibroblasts was collected into a DMEM/F-12 medium (20% FBS) solution. Subsequently, the solution was filtered and centrifuged at 1250 rpm. Then, the cells were dispersed into a DMEM/F-12 solution (10% FBS and 0.1 mM BrdU) and preplated in a cell culture dish to enrich cardiomyocytes and cardiac fibroblasts. After 90 min, the unattached cells, which were essentially cardiomyocytes, were separated and cultured in the hydrogel materials with a definite cell concentration.
Cells cultured and image
Cardiomyocytes were regularly cultured and passaged with DMEM/F-12 medium supplemented with 10% FBS and 1% penicillin-streptomycin in a humidified incubator at 37°C with 5% CO 2 . The structural color hydrogel samples were first disinfected by exposure to UV light for 5 hours and washed with sterile HBSS repeatedly before cell culture. Then, the obtained cardiomyocytes were seeded on the surface of hydrogel films and dispersed into a DMEM/F-12 solution (10% FBS, 1% penicillin-streptomycin, and 0.1 mM BrdU) for the first 3 days of culture. After this, the cardiomyocytes were continuously cultured and supplemented into the normal medium.
Thin films with cardiomyocytes were immunostained by day 6, and the procedures were implemented at room temperature. Samples were first fixed for 30 min in 4% (v/v) paraformaldehyde-phosphatebuffered saline (PBS) solution and then permeabilized with 0.3% (v/v) Triton X-100-PBS solution for 30 min. After permeabilization, samples were counterstained with Alexa Fluor 488 phalloidin (1:400 dilution) for F-actin staining. Subsequently, the nuclei were counterstained with a nuclei stain (DAPI) applied in PBS (1:1000 dilution). In between each step, the samples were washed with PBS at least three times. Confocal microscopy images were acquired using a Zeiss LSM700 laser scanning microscope (Zeiss, Heidenheim, Germany). To characterize the morphology of cardiomyocytes, we washed the samples repeatedly and dehydrated them with gradient ethanol (20, 40, 60, 80 , and 100%) before SEM imaging.
Characterization
Reflection spectra were obtained at a fixed glancing angle, using an optical microscope equipped with a fiber-optic spectrometer (USB2000-FLG, Ocean Optics). SEM images of samples were taken by a scanning electron microscope (S-3000N, Hitachi). Confocal microscopy images were acquired using a Zeiss LSM700 laser scanning microscope (Zeiss, Heidenheim, Germany). Microscopy images of the samples were obtained with an optical microscope (BX51, Olympus) equipped with a charge-coupled device camera (Media Cybernetics Evolution MP5.0) and a digital camera (Canon 5D Mark II).
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